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In the light of the importance of gravitational waves in astronomy, it is essential to perform independent data
analysis compared to the approach used by the LIGO team. To address this, here we develop a general data-
driven, template-free noise suppression method, for extraction of the event-waveform. Using the developed
method, we obtain waveforms of all reported events by LIGO. In addition, using instantaneous frequencies
(derived by Hilbert transform) of the extracted waveforms, we provide the time delays between the arrival of
gravitational waves to the detectors.
PACS numbers: 07.05.Kf, 04.25.dg, 04.30.-w
Introduction.— The procedure of a data-driven approach
in analysing and feature extractions from noisy time series is
extremely important in many fields of science, ranging from
neuroscience to astrophysics [1, 2]. An important realm which
heavily relies on the capability of event extraction from ob-
served data is the observation of gravitational waves (GWs)
[3–13]. Since the first direct detection of GWs by the Laser
Interferometer Gravitational-Wave Observatory (LIGO) on 14
September 2015 [14], more than ten “confirmed events” have
also been detected [15].
There are several template-dependent and template-free
methods, which are developed in recent years for detection
of the gravitational waves [14, 16–22]. In this Letter, we de-
velop a data-driven algorithm to extract events waveform in a
given time series, such as data from the two stations of LIGO.
What makes our algorithm strikingly different from existing
methods are as follows: (a) this algorithm is data-driven; (b)
the analyzing method is able to extract extremely clean GW
waveforms in presence of strong Gaussian or non-Gaussian
noisy background fluctuations.
A Data-driven approach.—The direct detection based on
laser interferometry by LIGO relies on amplitudes of the
strain data obtained from two identical setups at Hanford
and Livingston (denoted henceforth by “H” and “L”, respec-
tively) and a standard template-dependent analysis [14]. From
matching with templates one obtains the properties of the
sources, and from the time delay between the arrival of grav-
itational wave to the detectors, one obtains limited informa-
tion on the angular position of the event which has led to the
emission of the GW. The standard techniques used in the GW
detection are based on the amplitude correlation of a set of
limited GW template bank and the empirical data, utilizing
the optimal matched filter method [23].
Our approach for the event-waveform detection is based on
statistical comparison of background noise and the portion of
data that includes the event. The steps are: (i) We whiten the
raw data [24], then apply a bandpass filter on the data set by
using Butterworth filter of the 4th order for both detectors in
the sensitive frequency band of (35, 350) Hz. Then we use IIR
notch filter to eliminate different narrow resonances includ-
ing mechanical resonances, main power harmonics, and etc.
(ii) To extract non-Gaussian features, we use the Rank-Wised
(RW) surrogation method which changes the probability dis-
tribution density of a time series (here background noise) to
a Gaussian distribution, keeping all linear and non-linear cor-
relations, and transforming a non-Gaussian time series to a
Gaussian ones with same variance, by assuming that variance
is finite [25, 26] [27]. (iii) We employ a template-independent
method to suppress the background noise which is a combina-
tions of a two-step decision-directed noise reduction method
[28, 29] and template-free Wiener filtering [30] [31]. We refer
the final data as processed data and call these steps as ”noise
suppression method”. (iv) From analyzing of the processed
data, we provide two values for the time delays between the
arrival of gravitational waves to the detectors, using the am-
plitude of spectrograms [32] and instantaneous frequencies of
extracted waveforms, derived from Hilbert transform [2, 33]
[34].
Let us demonstrate the applicability of our approach to de-
tect the waveform of an event using the introduced noise sup-
pression method. Consider a background time series n(t)
(which is the data measured in the either H-or L -detector)
as raw background data measured in the detector, where the
mean is subtracted. Now, take a typical signal s(t) of one of
the generated GW templates by LIGO (for instance, here we
use the template for the event on 14 September 2015). From
these two n(t) and s(t), we generate a new set of time series
yα(t) = n(t) +α s(t), with α ∈ [0, 1]. One can interpret α as
the contribution of the signal present in the noisy background.
Let y˜α(t) be the new time series (processed data) obtained
from yα(t) after applying the steps of the noise suppression
method. We have done same procedure for template s(t) and
noise n(t) (in another window of background raw data) to ob-
tain the processed template and background noise s˜(t) and
n˜(t), respectively. In figures 1 (a) and (b), we plot the ex-
tracted waveform, i.e. y˜α(t), and s˜(t) as well as the raw
data including a template with α = 0.005. The cross cor-
relation coefficient of extracted waveform with s˜(t) is about
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FIG. 1. (a) Template of event on 14 September 2015 added to the
raw data measured in the H-detector with α = 0.005. (b) Extracted
clean waveform and processed template are also shown. We find
a very good agreement between extracted and original waveforms.
The correlation coefficient between two waveforms is ' 0.99. The
extracted waveform is in units of the standard deviation of the pro-
cessed background noise. (c) Signal to noise ratio (SNR) and cross
correlation coefficients of extracted waveform with processed tem-
plate for different αs. Error bars indicate the standard error of the
mean averaged over 100 ensembles of background noise for each α.
0.99 for this α. From the spectrum of the processed back-
ground noise n˜(t) and spectrum of the portion of data that
includes the event, one can define signal to noise ratio (SNR)
ρ(j, k) as ρ2(j, k) = |y˜α(j, k)|2/E[|n˜(j, k)|2], where E[· · · ]
is the expectation operator and y˜α(j, k) and n˜(j, k) represent
the kth spectral component of the short-time frame j of pro-
cessed noisy signal yα(t) and noise n(t), respectively [29]
[35]. We define the averaged SNR, ρ in frequency bands
{96−2∆f, 96−∆f, 96, 96+∆f, 96+2∆f}Hz, with ∆f = 4
Hz. This allows us to employ χ2 time-frequency discrimina-
tor for gravitational wave detection, which enables us to reject
the spurious events from the events that would be produced by
genuine signals [36]. The method is applicable to each data
set and provides the probability P that the value of χ2 would
be obtained from chirp signal [36], see Table I. Our obtained
averaged SNR ρ depends on α as shown in 1 (c). For instance,
for α ≈ 5 × 10−4 the detection algorithm provide signal to
noise ratio ρ ' 12 with cross correlation coefficient 0.5 of
extracted waveform with s˜(t). The correlation coefficients of
extracted waveforms and processed template for different α is
given in 1 (c). To reduce the false trigger rate, for given ρ∗, we
estimate the joint probability p([ρH , ρL] > ρ∗) in sliding time
by considering travel time of a gravitational wave between the
detectors which gives the rate of false alert for ρ∗ > 5 to be 1
alert per 200 days [37]. The generalisation of false alert rate
for N-point (N-detector) joint probability p can be found in
[37]. This demonstrated high sensibility of our approach for
detection of an events and extraction of its waveform in this
time series. The estimated values for ρ using our approach for
events reported by LIGO are around nearly ∼ 0.03 − 60, see
Table 1.
Having demonstrated the applicability of our algorithm, let
us apply it to GW time series in the public data of LIGO.
In figure 2, we plot the extracted extremely clean wave-
forms for GW150914, binary black-hole mergers, in H and L.
The cross correlation coefficient between two extracted wave-
form has value ' −0.91 in time lag ' 7.3+0.2−0.2 ms L-first.
Also cross correlation coefficients of extracted waveforms in
H and L with processed template of event GW150914 are
CH ' −0.85 and CL ' 0.91, respectively. Similar results
are presented in figure 3, for other ten events, where event
GW170817 is binary neutron star merger. In all waveforms
the strains are given in units of the standard deviation of their
processed background noise. The value of P as well as SNR
of extracted waveforms are reported in Table I.
From the extracted waveforms in detectors H and L, we
estimate two different time delays between the arrival of grav-
itational waves to the detectors. First time delay is estimated
from instantaneous frequencies derived from using Hilbert
transform of the extracted waveform in Hanford and Liv-
ingston detectors. We determine fH(t) and fL(t) and cal-
culate the mean increment in time lag |τ | < 10 ms, C(τ) =
〈|fH(t+τ)−fL(t)|〉. The value of τ that minimiseC(τ ), will
be the physical delay time (see below). Another time delay
that we call apparent time-delay is estimated from spectro-
grams (or cross correlation of extracted waveforms) of wave-
forms amplitudes of processed data. The correlation coeffi-
cients for the one-to-one frequency spectrum are calculated
for the physically meaningful time-lag for the two detectors,
i.e., < 10 ms. The summation of the cross correlation coeffi-
cients (SCCC) in the predetermined frequency ((35, 350) Hz)
band at each time-lag (time-bin) is considered to estimate time
delay of event arrival to the detectors. Because of the H- and
L-detectors relative orientations are pendent of the source po-
sition in the sky [14], we should look for the location of the
global minimum in the SCCCs (by considering their signifi-
cance). In Table I, the estimated time delays from spectro-
grams are reported. We note that, the cross correlation func-
tions of the two extracted waveforms provide almost same
time delay with spectrogram method and suffer from uncer-
tainty in phase due to source orientation, antenna pattern and
the inclination of BH-BH binary plane with the line of sight.
In contrast, the estimated time delay from frequency incre-
ment is invariant with respect to phase of waveforms, not suf-
fering from the uncertainties mentioned above. And it is for
this the reason that we call it to be the physical time delay. In
Table I, we summarize the complete results of our analysis for
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FIG. 2. Extracted waveforms for the event GW150914 in H and L.
The waveforms are in units of the standard deviation of the processed
background noise. The cross correlation coefficient between two ex-
tracted waveform has value ' −0.91 in time lag ' 7.3+0.2−0.2ms L-
first. Cross correlation coefficients of extracted waveforms in H and
L with processed template of event GW150914 are CH ' −0.85
and CL ' 0.91, respectively. Lines are for eye guidance only.
11 GW events reported by LIGO as well as their values for
time delay. The case that has not significant global minima
in the mean increment of instantaneous frequencies, in time
window of 1sec is not reported.
Summarizing, our aim in this work is introducing a new
method for event waveform extraction and estimating the pos-
sible time delay between the arrival of gravitational waves to
the detectors. We provide waveforms of all confirmed events
reported by LIGO. Further investigations on the public data
is being performed and the results will be reported elsewhere.
We emphasize that our data-driven method can be used to de-
tect waveforms of unforeseen events of types different from
those in the standard data bank for templates, derived by nu-
merical relativity [44, 45]. As the final remark, although
we have demonstrated the efficiency and applicability of our
method in the GW detection, in principle the approach has po-
tential for event waveform extraction in any given time series
in presence of strong background noise.
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